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Abstract 
For any project that is supported by a risk analysis, the assessment generally needs to evaluate the consequences of health, safety 
and the environmental (HSE) impacts, and geological CO2 storage projects are no exception. To date, however, assessments of 
storage projects have focussed more on the performance of the storage reservoir in terms of its ability to contain the CO2 or at 
least prevent its leakage to the surface or near-surface environment, rather than determine the potential impacts of leakage of CO2
(and any gases such as H2S or radon that may be transported with the CO2) on specific environmental targets. This situation has 
been dictated to some extent by the lack of information or data on the nature of the potentially broad range of environmental 
impacts that might arise from elevated levels of CO2 in the environment. Thus, this paper provides input on two fronts: the results 
from (i) a scoping analysis of potential environmental impacts from a specific storage project, and (ii) a review of work being
carried out on the potential environmental impacts that might be expected from geological CO2 storage projects. Of the two cases 
considered as a basis for deriving limiting leakage of CO2 from the geosphere, the CO2 leakage to a potable aquifer provides the 
overall limiting case under the conditions considered in this study. The review of the current literature on potential environmental 
impacts indicates that information and data are lacking in a number of areas, to the extent that some prioritisation will be 
necessary to focus technical work on specific ecosystems in order to make significant progress in the short term. 
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
For any project that is supported by a risk analysis, the assessment generally needs to evaluate the consequences 
of health, safety and environmental (HS&E) impacts, and geological CO2 storage projects are no exception. To date, 
however, assessments of storage projects have focussed more on the performance of the storage reservoir in terms of 
its ability to contain the CO2 or at least prevent its leakage to the surface or near-surface environment, rather than 
determine the potential impacts of leakage of CO2 (together with any gases such as H2S or radon that may be 
transported with the CO2) on specific environmental targets. This situation has been dictated to some extent by the 
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lack of information or data on the nature of the potentially broad range of environmental impacts that might arise 
from elevated levels of CO2 in the environment. Thus, this paper provides input on two fronts:  
• Key results from a scoping analysis of potential environmental impacts from a specific storage project; and  
• Observations from a review of studies on the potential environmental impacts that might be expected from 
geological CO2 storage projects. 
2. Assessment of environmental impacts – Phase 1 of IEA Weyburn CO2 Monitoring and Storage Project 
The performance assessment carried out during Phase 1 of the IEA Weyburn CO2 Monitoring and Storage 
Project focussed on the capabilities of the reservoir (Midale field - Vuggy and Marly formations) to contain the 
injected CO2. The results from the predictions of the long-term fate of CO2 yielded two main results: 
• In terms of the expected evolution of the storage system (Base Case) and possible CO2 migration via natural 
pathways, the geology would keep the CO2 underground for at least 5,000 years. 
• In terms of man-made pathways (abandoned wells), a small amount of leakage was predicted over 5,000 years, 
with the mean value for maximum leakage rate (for several hundred wells) of 4•10
-4 
kg d
-1
, with 95% of the 
simulations yielding a value <1.6•10
-3 
kg d
-1
.
These results are reported in detail in Zhou et al. (2004). To put the above results in some context, in particular 
those results indicating some leakage, a scoping study was carried out to estimate the potential impacts in two key 
areas: 
• Leakage of CO2 directly from an abandoned well into a dwelling, causing an increase in indoor air CO2
concentration; 
• Leakage of CO2 through defects in an abandoned well into a near-surface aquifer that could be a source of 
potable water, causing a change in water chemistry that allows the release of a toxic metal into the potable water.  
By applying a series of conservative assumptions combined with ‘quasi-regulatory’ limits, a scoping analysis of 
these specific impacts was considered a way of ultimately yielding a value for acceptable leakage rate in the absence 
of regulatory guidance on this issue. 
2.1. Limiting leakage rate according to indoor air CO2 concentration constraint 
The conceptual model for this part of the study is shown in Figure 1. The indoor CO2 level is a function of input 
leakage rate, volume of house, and number of air exchanges within the house. The appropriate equation is: 
CCO2=100•
CO2
V Vhouse
•
100022.4
44 1000
  [1] 
where CCO2 = concentration of CO2 in indoor air [%]; 
CO2 = leakage of CO2 from abandoned well directly into dwelling [kg d-1]; 
V = ventilation rate within dwelling – how often a volume of air equal to that in a dwelling, is replaced by 
outdoor air [air exchanges d
-1
]; 
Vhouse = volume of dwelling [m
3
]; 
(1000*22.4)/(44*1000) = conversion factor from kg CO2 to m
3
 at standard temperature and pressure. 
Equation [1] is considered conservative, since it assumes that all the CO2 that is leaking from an abandoned well 
enters a dwelling via the upper soil layer, with no mass transport resistance or attenuation during transport from 
borehole to dwelling. Generic values of Vhouse and V were taken as 250 m3 and 24.1 d-1, respectively (UNSCEAR, 
1988). Inserting these values into Equation [1], together with a ‘nominal’ CO2 geosphere flux of 0.01 kg d
-1 
yields an 
indoor air CO2 concentration of 8.5•10
-5 
%. Shaw (1987) quotes a range of values for the number of air exchanges 
more relevant to Canadian homes. Using the value that describes a “tight” one-story dwelling (e.g. bungalow) - ~3.1 
exchanges per day – the same calculation yields an indoor CO2 concentration of 6.5•10
-4
%. These values may be 
compared with Health Canada’s upper limit for “acceptable long-term exposure range (ALTER) for CO2 in 
residential indoor air” of 3,500 ppm (0.35%) (Health Canada, 1989). This value is defined as “that concentration 
range to which it is believed from existing information that a person may be exposed over a lifetime without undue 
risk to health”. In making its recommendation, Health Canada (1989) took into account the sensitivity of groups of 
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people, in particular children; elsewhere, Snodgrass (1992) notes that infants and children breathe more air than 
adults relative to their body size and so are more susceptible to respiratory exposures.  
Figure 1: Schematic diagram of conceptual model for determining CO2 concentration in indoor air based on leakage directly into a dwelling from 
an abandoned well. 
Taking the Health Canada recommendation of 0.35 %, the corresponding limiting leakage of CO2, in the context 
of indoor air concentration, is 5.4 kg d
-1
, assuming a ventilation rate of 3.1 air exchanges per day. Note that a 2006 
revision of the Health Canada 1989 recommendation retains the same value for CO2.
Figure 2: Schematic diagram illustrating key features of the conceptual model for evaluating potential impacts from CO2 leakage to a potable 
groundwater. CO2, having leaked through degraded seals of an abandoned well, migrates vertically upwards from the storage reservoir and into 
the aquifer through defects in the wellbore casing. 
2.2. Limiting leakage of CO2 from wellbore for contaminant mobility in CO2-acidified groundwater 
Figure 2 shows a schematic diagram of the conceptual model for leakage of CO2 from the Midale storage 
reservoir through a wellbore casing and into a potable groundwater. The aquifers in question are collectively called 
the Intertill Aquifers, approximately 50 m thick, located between two regional aquitards, Till Aquitard and Bearpaw 
Aquitard. Formation waters and a discrete gas phase containing CO2(g) are present in the borehole at relatively 
depths, and these fluids are assumed to leak into groundwater of the Intertill Aquifers through defects in the 
The initially unpolluted water in the Intertill Aquifers was assumed to be a fairly typical dilute groundwater (Na
+
,
Cl
-
 both 0.1 molal (moles/kg); Ca
2+
, Mg
2+
, HC3
-
 all 0.0001 molal, pH 7.5, pe = 4.0, indicative of oxidising 
wellbore.
shallow
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conditions) at 15 ºC. Lead (Pb) was included in the model as a representative trace element that could pose a 
potential health risk. The assumed Pb concentration was (arbitrarily) taken as 10 times lower than the Maximum 
Acceptable Concentration in drinking water specified by Health Canada (2008), 0.01 mg/l or 4.8•10
-8
 molal.  
Groundwater may equilibrate with calcite (CaCO3(c)], goethite [a-FeOOH(c)] and/or cerrusite [PbCO3(c)]. 
Calcite was included to evaluate the effects of buffering of the acidity generated when CO2 leaks into aquifer 
groundwaters. Goethite was included as an important sorbent for many trace elements. A pH-dependent surface-
complexation model was used to simulate the partitioning of Pb between goethite and groundwater. Cerrusite was 
included to account for possible solubility limits on aqueous Pb concentrations. Calcite and goethite were assumed 
to be minor constituents, each less than 1 % of the total solid volume, of sediments in the Intertill aquifers 
Upper bounds on CO2 content, and hence lower bounds on pH, were approximated by assuming that the 
maximum possible CO2(g) partial pressure of the mixture is equal to hydrostatic pressure at the depth at which 
mixing occurs. Thus, the maximum hydrostatic pressure at the depth of the base of the Intertill Aquifers, ~360 m, is 
roughly 35 bars (i.e., assuming a solution density of about 1 g cm
-3
). 
The acidified groundwater discussed above was assumed to migrate through pores in the sediments of the Intertill 
Aquifers towards a drinking water supply well. As it migrates, the water reacts with minerals in the sediments. 
Reactions with calcite tend to increase the pH and alkalinity. Reactions with goethite control the distribution of Pb 
between solid and aqueous phases, depending on the pH. The groundwater well was nominally assumed to lie 100 m 
downstream of the abandoned well, although this distance was an adjustable parameter in the model. 
The conceptual model outlined above was evaluated using a numerical hydrogeochemical transport model 
included in the PHREEQC (ver. 2) geochemical software package (Parkhurst and Appelo, 1999). A simple plug-
flow model is assumed, which simulates transport of the initially acidic groundwater from the abandoned well to the 
water-supply well (Figure 2). In the nominal case, the distance between the wells is divided into 100 cells, each 1 m 
in length. At time zero, each cell contains a 1000 cm
3
 reference volume of unpolluted groundwater. The initial water 
composition, noted above, is then allowed to equilibrate with calcite and (or) goethite. At each time-step thereafter, 
the groundwater in each cell is transported to the adjacent cell downstream. A time-step of 1 year is assumed in the 
nominal case, simulating a Darcy velocity of 1 m yr
-1
 (m
3
m
-2
 yr
-1
). Thus, for example, during the first time-step, 
CO2-acidified groundwater is introduced into the first cell. The simulation then tracks the migration of the acidified 
solutions along the flow path between the wells, and monitors changes in groundwater chemistry resulting from 
associated reactions with calcite (when assumed to be present), goethite and (or) the lead carbonate mineral 
cerrusite.  
Results are presented here with reference to time-dependent changes in groundwater chemistry that would be 
observed at the location of the groundwater supply well. Thus, Figures 3 and 4 show the Pb concentration in the 
drinking well water (reference volume) as a function of time according to the most conservative scenario whereby 
the CO2 content and pH of the acidified groundwater are determined by the constraint pCO2(g) = hydrostatic 
pressure.  
Figure 3 shows temporal changes in pH and Pb concentrations in groundwaters with no calcite present in the 
solid phase, passing the location of the groundwater supply well. Because this location lies 100 m downstream of the 
abandoned well and because a purely advective flow rate of 1 m yr
-1
 is assumed, no changes in the initial pH (7.5) 
and initial Pb concentration (4.8e-9 molal) occur until 100 years after the beginning of the simulation. Then, the pH 
rapidly decreases as the acidified groundwater, essentially unaltered in this case by any mineral-fluid reactions 
upstream (in this simulation, calcite is assumed not to be present), arrives at the groundwater well. 
The simulation producing the results presented in Figure 4 is identical to that of Figure 3 except that 0.01 mol of 
calcite is now assumed to be initially present in each of the flow cells. Equilibration of the groundwater with calcite 
raises the initial pH to about 9.05.  
A trial-and-error approach was used to estimate the threshold partial pressure of CO2(g), and hence the maximum 
CO2 leakage rate below which Pb concentrations would always be less than the MCL value of 2.4e-8 molal. Results 
indicate that for the specific conditions considered in the present conceptual model, this threshold pCO2(g) value is 
approximately 10
-2.4
 bar, which corresponds to a total dissolved carbonate concentration of 1.12e-3 molal and a pH 
of 7.02. In comparison, the unpolluted, unacidified groundwater assumes a pH of 7.5, a total dissolved carbonate 
concentration of 1.0e-3 molal and a corresponding pCO2(g)= 10
-2.88
 bar. 
1898 M. Stenhouse et al. / Energy Procedia 1 (2009) 1895–1902
 Author name / Energy Procedia 00 (2008) 000–000 5
Figure 3: Plot showing changes in pH (dashed curve) and Pb concentrations (solid curve) in water as seen at the drinking water supply well 
shown in Figure 2. Specific conditions assumed: conservative scenario of partial pressure of carbon dioxide, pCO2 equal to hydrostatic pressure at 
depth of aquifer; no calcite present in sediment minerals. The MAC for Pb is shown as horizontal dash-dot-dash line. The rapid decrease in pH 
caused by acidification of the groundwater by CO2 is accompanied by a steep increase in Pb up to a maximum concentration of about 0.001 
molal. This is followed by a sharp decline back to the assumed background level of 4.8e-9 molal. Importantly, Pb concentrations are significantly 
above the MCL level for about 20 years after the pH front first arrives at the groundwater-supply well. The barely perceptible kink in the pH-time 
curve between 100 years and about 105 years is due to precipitation of cerrusite during the rapid increase in aqueous Pb concentrations during 
this time, which later dissolves when the pH falls to its minimum value. 
Figure 4: Plot showing changes in pH (dashed curve) and Pb concentrations (solid curve) in water as seen at the drinking water supply well 
shown in Figure 2. Specific conditions assumed: conservative scenario of partial pressure of carbon dioxide, pCO2 equal to hydrostatic pressure at 
depth of aquifer; 0.01 mol. calcite present in sediment minerals. The MAC for Pb is shown as horizontal dash-dot-dash line. In this case, the pH 
is buffered at ~5.1 by reaction of calcite with CO2-acidified groundwater, which last for ~20 years, after which time, the calcite is consumed and 
the pH rapidly falls. The buffered pH is still low enough to desorb some Pb from goethite and to raise aqueous Pb concentrations. 
It can be inferred from these results that the reference mass (1 kg) of unpolluted groundwater can “tolerate” an 
addition of 1.2e-4 mol CO2 leaking from an abandoned well without mobilizing Pb to an extent that would exceed 
pH
Pb 
concentration  
(molal) at 
water supply 
pH
Pb 
concentration  
(molal) at 
water supply 
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the chosen regulatory limit on Pb concentrations in drinking water. Taking into account the volume of water 
accessed by leaking CO2 between the abandoned well and water supply well, this limiting concentration of 1.2e-4 
mol CO2 corresponds to a limiting leakage rate of 1.7e-4 kg CO2 d
-1
.
While highly conservative in its treatment and assumptions, this scoping analysis suggests that Pb, representing 
potentially toxic inorganic cations in general, could be mobilized in groundwater contaminated by CO2(g) leaking 
above a leakage rate of 1.7e-4 kg CO2 d
-1
. This conclusion is arrived at using a highly simplified conceptual model 
and nominal conditions of complex transport and geochemical processes occurring in a heterogeneous geological 
system over long periods of time. We emphasize the many uncertainties and assumptions made in the case of 
modelling the chemical impacts of CO2 leakage to potable groundwater, in particular: 
• Initial concentration of Pb
2+
 in the Intertill Aquifers water; 
• Presence of buffering minerals such as calcite, 
• Darcy velocity of 1 m yr
-1
 for the aquifer. 
A more detailed assessment of CO2 leakage to potable groundwater can be carried out in the Final Phase of the 
Weyburn Project, would be expected to take advantage of site-specific hydrogeological and hydrochemical data 
concerning the potable aquifers in the Weyburn region. 
To summarise, of the two cases considered as a basis for deriving limiting leakage of CO2 from the geosphere, 
the CO2 leakage to a potable aquifer provides the overall limiting case under the conditions considered in this study. 
3. Studies of potential environmental impacts associated with geological CO2 storage 
The first reports/papers related to discussions of potential environmental impacts from geological CO2 storage 
appeared just over 5 years ago. Damen et al. (2003) provide a detailed discussion of potential HS&E risks in this 
field. At the 6
th
 International Conference on Greenhouse Gas Control Technologies, in Kyoto, Japan, Saripalli et al. 
(2003) presented the perceived risks to humans and other species (trees, fish) associated with elevated levels of CO2
in different media (atmosphere, indoor air, groundwater, surface water, soils and biota), and generated a 
consequences value table, where the resultant consequences were classified as low, moderate and severe. Other 
research studies (Watanabe et al., 2003; Kita et al., 2003) observed the effects of elevated CO2 in a marine setting, 
on plankton and fish. 
In a review article, Rice (2003) provided a table of commonly-cited human health effects from exposures to 1% 
CO2 concentration and higher, as well as a table of the effects of continuous and repeated CO2 exposure. The latter 
table indicates that CO2 concentrations in the range 0.5-1.5% are well tolerated by healthy humans, although the 
author acknowledges the increased sensitivity of infants and children. Rice (2003) concludes that “prolonged 
exposure to [CO2] concentrations 1% may significantly affect health in the general population.” (cf. the value of 
0.35% CO2 in indoor air recommended as a limit by Health Canada, discussed earlier in the text). 
Subsequently, within the Carbon Capture Project, Hepple (2005) provides a detailed review of the effects of 
elevated CO2 levels on human health and ecosystems, distinguishing between low-level, chronic exposure and acute 
exposure. The author notes that “No adverse health effects have been noted [in humans] at or below 1% CO2,
though no controlled studies of exposure to such low levels have been done yet for longer than 6 weeks”. The author 
also comments that “ecosystem impacts from exposure to elevated concentrations of CO2 are poorly understood”,
This comment is also applicable to the specific mechanisms responsible for the tree kills resulting from outgassing 
from Mammoth Mountain, California.  
While much research has been done on the ecological effects of slightly elevated CO2 concentrations and the 
lethal effects of high CO2 concentrations, limited work has been performed on intermediate CO2 concentrations, 
both short and long-term exposures. Ironically, the body of information that comes from research studies involving 
ecosystem response to slightly elevated levels of CO2 has been the result of concerns over increased atmospheric 
CO2 concentrations in the context of global warming – the very reason for pursuing geological CO2 storage as a 
mitigation option. Typically, the impacts evaluated are more regional than localised and the results of such research 
often indicate enhanced growth of the species being investigated (see, for example, Norby et al., 2001; Parton et al., 
2007; Ziska and Bunce, 2007). 
West (2005) also comments on the poorly understood ecological responses to chronic CO2 concentrations (below 
10%) and highlights the lack of studies of the effects of elevated CO2 levels on microbial populations deep 
underground. This author also identifies the need to identify key receptor groups that are representative of 
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ecosystems likely to be affected by CO2 leakage from deep underground, in both terrestrial and marine 
environments. In particular, in view of the importance of the formations offshore from North Western Europe, there 
is a need to assess the potential effects on key commercial fisheries from releases of CO2 into the ocean. 
Consideration of potential environmental impacts has so far been carried out in the absence of regulatory guidance 
in terms of target species or limits for exposure to elevated CO2 concentrations. Another significant gap identified 
by West (2005) is the lack of indicator species, species that are representative of a particular ecosystem in providing 
a response to elevated CO2.
Largely as a result of the recommendations of IEA GHG’s (international) Research Network on Risk 
Assessment, a more detailed review of existing information on environmental impacts was carried out recently 
(Pearce and West, 2007). This review summarised the information available as well as identifying a number of data 
needs and knowledge gaps, in particular: 
• Identification of target species / organisms to act as early indicators of increases in CO2 concentrations; 
• Data on chronic (long-term, low-level) exposure for both surface and subsurface terrestrial ecosystems; 
• Effects on groundwater, ideally supported by monitoring activities; 
• Long-term exposure effects and thresholds relevant to individual organisms or entire ecosystems; 
• Acceptable levels of CO2 concentration for different ecosystems. 
Together, the above papers / reviews identify what information is available and what gaps need to be filled. It is 
unlikely that all the gaps identified can be filled in the short-term, i.e. within a few years, in which case a careful 
prioritisation of ecosystems to focus on will be necessary. In terms of the information that is available, mammals 
appear to be more resistant than humans to elevated CO2 levels, in which case focussing on human health is 
relevant. 
Two important field-scale evaluations currently being carried out are: 
• ASGARD (Artificial Soil Gassing and Response Detection
2
): an artificial test site that allows observation and 
monitoring of the effects of different (adjustable) CO2 concentrations on various crops and plants, soil microbes / 
invertebrates and soil geochemistry. 
• ZERT (Zero-Emission Research and Technology Centre, Montana State University
3
), an injection test facility 
that enables the testing of monitoring technologies as well as improving modelling techniques. 
In addition, the EC-funded programme CO2GEONET has several ongoing projects designed to identify and 
model responses to terrestrial ecosystems. Of these, the highly-faulted Latera caldera, within a geothermally-active 
region of central Italy, is a leaking natural site that has been studied in detail for decades. The CO2 is constantly 
being produced deep underground (> 2,000 m), but not all CO2 leaks to the surface. By studying the nature of the 
leakage and associated environmental impacts, this site is contributing useful information. For example, soil gas 
measurements indicate that CO2 leakage occurs only from highly-localised gas vents that appear to coincide with 
one or more faults. Importantly, the faults do not allow flow along their entire length, with gas migration possible 
only along discrete sections of faults that are able to permit flow. As a result, CO2 migration through these gas vents 
generates only small areas of leakage at the surface (Annunziatellis et al., 2008). In the overall study area, soil gas 
measurements indicate that the area with CO2 in soil air (measured at a depth of 80 cm) above 20% by volume is 
relatively small - 0.01 km
2
 or 0.02 % of the total area of 50 km
2
 (Beaubien et al., 2008). Importantly, the impacts of 
leaks, primarily on vegetation around the gas vent, are also restricted to small areas around the vents. 
Other studies have indicated similar findings, i.e., that, apart from volcanically-active zones, impacts of leaking 
CO2 are restricted to relatively small areas around the leak, e.g., the CO2-charged water that is responsible for the 
Crystal Geyser is localized to a wellbore, posing more of a tourist attraction rather than a hazard. 
4. Summary 
The scoping analysis discussed in this paper focusses on two areas of potential concern with regard to impacts 
from leakage of CO2 from a deep storage reservoir: leakage into a dwelling, with a resultant increase in indoor air 
CO2 concentration, and leakage into groundwater that may be a source of drinking water, causing the release on lead 
2 see http://www.nottingham.ac.uk/geography/asgard/ 
3 see http://www.montana.edu/zert/home.php 
M. Stenhouse et al. / Energy Procedia 1 (2009) 1895–1902 1901
8 Author name / Energy Procedia 00 (2008) 000–000 
into the water supply. The conservative nature of the analysis should be regarded as providing bounding limits for 
leakage rate under the conditions specified and should be improved using site-specific data.   
The accompanying review of the current literature on potential environmental impacts indicates that information 
and data are lacking in a number of areas, to the extent that some prioritisation will be necessary to focus technical 
work on specific ecosystems in order to make significant progress in the short term. 
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